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Abstract 
We demonstrate large area fully flexible blue LEDs based on core/shell InGaN/GaN 
nanowires grown by MOCVD. The fabrication relies on polymer encapsulation, nanowire lift-off 
and contacting using silver nanowire transparent electrodes. The LEDs exhibit rectifying behavior 
with a light-up voltage around 3 V. The devices show no electroluminescence degradation neither 
under multiple bending down to 3 mm curvature radius nor in time for more than one month storage 
in ambient conditions without any protecting encapsulation. Fully transparent flexible LEDs with 
high optical transmittance are also fabricated. Finally, a two-color flexible LED emitting in the 
green and blue spectral ranges is demonstrated combining two layers of InGaN/GaN nanowires 
with different In contents.  
  
Flexible light emitting diodes (LEDs) are today a topic of intense research, motivated by 
their numerous economically relevant applications (e.g. rollable displays, wearable intelligent 
electronics, lightning, etc). Presently, flexible devices mainly use organic materials integrated on 
lightweight and flexible plastic substrates. Thanks to the flexibility, relative ease of processing, 
compatibility with various flexible substrates, and their low cost, organic LEDs (OLEDs) are today 
the key technology for flexible displays. In the past decades, the OLED performance has been 
tremendously improved.1-4  However, they still face the issue of a poor time stability caused by the 
degradation of the electrical conductivity of the organic layers and of the interface degradation in 
the active region.5-7 Especially, OLEDs present limitations in the short wavelength range, which 
has a detrimental influence on the color balance of the displays. Indeed, blue OLEDs suffer from a 
rather low luminance (around 102-104 cd/m2),3, 8 low external quantum efficiency (EQE) (e.g. 2-
30%)9 and a limited lifetime (e.g. up to 3700 hours for T50, time to 50% of initial luminance of 
1000 cd/m2)4.  
Today, the technology providing the best performance in terms of luminance and EQE in 
the blue spectral range relies on nitride semiconductors. Indeed, InGaN/GaN LEDs demonstrate a 
high luminance of several 106 cd/m2,10, 11 an EQE above 80%12 and a lifetime of more than 100,000 
h.11 Several attempts have been performed to fabricate flexible LEDs based on nitride thin films.13-
16 However, the fabrication of flexible devices from conventional thin film structures is quite 
challenging and requires additional processing steps to micro-structure the active layer. Nitride 
micro-pyramid arrays with a rather large pyramid size above 10 µm have also been used to 
demonstrate a flexible LED by developing a special method to transfer micro-pyramids onto 
plastic.17 To further improve the flexibility, it is advantageous to shrink the active element 
dimensions and to use bottom-up nanostructures such as nanowires. 
Nitride nanowires show remarkable mechanical and optoelectronic properties stemming 
from their high aspect-ratio. They are mechanically flexible and can stand high deformations 
without plastic relaxation.18 The nanowires also allow to significantly improve the material quality 
by reducing the dislocation density and relaxing the strain induced by thermal expansion 
mismatch.19 For light emitting devices, the nanowires can facilitate the light extraction because of 
their wave guiding properties.20 Moreover, core/shell nanowire structures provide further 
advantage of increasing the active device area and of suppressing the quantum confined Stark 
effect.21, 22 Single nanowire LEDs dispersed on both rigid23-25 and flexible plastic substrates26 have 
been investigated, but the complexities in positioning single nanowires and integrating with 
nonconventional substrates restrict their widespread applications. Meanwhile, nanowire array 
LEDs based on InGaN/GaN heterostructures have also been successfully demonstrated on rigid 
substrates, showing excellent performances in the blue spectral range.21, 27-31  
Thanks to this promising performance of nanowire LEDs, polymer-embedded nanowires 
offer an elegant solution to create a light emitter, which combines the high brightness and the long 
lifetime of inorganic semiconductor materials with the high flexibility of polymers. Nanowire 
arrays embedded in a flexible film and lifted-off from their native substrate can sustain large 
deformations thanks to the high flexibility of individual nanowires and to their footprint much 
smaller than the typical curvature radius.32-35 Moreover, the lift-off and transfer procedure enables 
the assembly of free-standing layers of nanowire materials with different bandgaps without any 
constraint related to lattice-matching or growth conditions compatibility. This novel concept 
therefore allows for a large design freedom and modularity since it enables combination of 
materials with very different physical and chemical properties, which cannot be achieved by 
monolithic growth. Thanks to the small amount of the active material and the possible re-use of the 
growth substrate, this technology can also reduce the cost with respect to conventional 2D nitride 
LEDs. At the same time, a better luminance and stability with respect to current organic flexible 
technologies can be achieved. 
There have been few research works on flexible nanowire LEDs based on inorganic 
nanowires, including single-crystalline ZnO nanowires grown on indium-tin-oxide (ITO) coated 
flexible substrate,36 GaN/ZnO coaxial nanorod heterostructures37 and GaN micro-rods38 
synthesized on graphene films. Electroluminescence in the visible spectral range was achieved in 
all these realizations. However, the demonstrated devices present several drawbacks such as the 
poor flexibility of the ITO layer36 or the low transmittance of the Ni/Au conductive layer used as a 
top electrode detrimental for light extraction.37, 38 It should be noted that no demonstration of multi-
layer flexible nanowire LEDs taking advantage of the above-mentioned design modularity has been 
done so far.  
In this work we demonstrate large area (several cm2) fully flexible blue LEDs based on 
core/shell InGaN/GaN nanowires grown by MOCVD. Nanowires are embedded into PDMS layers 
and mechanically lifted from their growth substrate. Conductive transparent electrodes to these 
composite membranes are realized using silver nanowire networks. The LEDs exhibit rectifying 
behavior with a low reverse leakage and a light-up voltage around 3 V. The devices show bright 
blue emission with no performance degradation neither under outward or inward bending down to 
3 mm curvature radius nor in time for more than one month storage in ambient conditions without 
any protecting encapsulation. Fully transparent flexible LEDs with a high optical transmittance 
(60% at λ=530 nm) are also realized. Finally, we demonstrate for the first time the integration of 
green and blue LED membranes into a two-layer bi-color nanowire-based flexible LED. The two 
layers containing InGaN/GaN nanowires with different In contents can be either separately driven 
to generate green or blue light or simultaneously biased to generate a broad electroluminescence 
spectrum, which opens the way to develop nanowire-based high brightness flexible white-light 
displays.  
Self-assembled GaN nanowires with lateral {1–100} m-plane facets have been grown by 
catalyst-free MOVPE on c-sapphire substrates. Details on the growth conditions can be found in 
Ref. 24, 39. The base part of the wire is grown at 1040 °C using trimethylgallium and ammonia 
precursors combined with silane flux to obtain n++-doping and to promote the wire geometry. The 
silane flux is switched off after about 9±2 µm length to grow a ~24±2 µm long non-intentionally-
doped (n-i-d) GaN part, which however presents an important residual n-doping close to 1018 cm-
3. The top part of the wire is surrounded by 7 periods of radial InGaN/GaN quantum wells (QWs) 
and is covered with a p-doped 120 nm thick GaN shell with a hole concentration in the 1016-1017 
cm-3 range.40 Fig 1c shows a schematic of the nanowire internal structure. We note that the used 
growth conditions allow to control the extension of the core/shell region and to keep the n-doped 
GaN nanowire pedestal free from radial overgrowth.39 The diameter of the core/shell region varies 
from 700 nm to 2 µm. A scanning electron microscopy (SEM) image of the complete nanowire 
structure of a blue LED sample is shown in Fig. 1a together with a close-up image of an individual 
nanowire showing in artificial colors the core/shell and the base regions.  
Three nanowire samples A, B and C differing only by the QW region have been grown for 
flexible LED fabrication following the above-described procedure. QWs in sample A have been 
grown at T=750 °C under V/III ratio for trimethylgallium and trimethylindium of about 6130 and 
2750 respectively, corresponding to a targeted Indium content in the QWs about 15 % for 120 sccm 
of trimethylindium flow.39 The target thicknesses of the InGaN/GaN QW are about 5 nm/10 nm. 
Sample B has been grown under nominally identical conditions to sample A, however in a different 
period of time and using a different susceptor, which explains a slight difference in the emission 
wavelengths between samples A and B. QWs in sample C have been grown at lower temperature 
of 680 °C and under a stronger trimethylindium flux of 200 sccm in order to increase the In content 
in the QWs. The target thicknesses of the InGaN/GaN QW are about 2.5 nm/5 nm. Based on the 
emission wavelength, the In content in the C sample is estimated in the 0.25-0.28 range (see 
Supporting Information). The crystalline structure of the core/shell QWs has been probed by 
transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) spectroscopy on a 
reference sample grown under conditions similar to sample A. TEM images reveal a presence of 
radial (m-plane) and axial (semi-polar plane and -c plane) QW systems. The semi-polar QWs 
located at the nanowire tip have a larger thickness and a higher In content than the m-plane QWs 
coating the nanowire side walls. The QWs on the -c plane are distorted and present structural 
defects. (For more details see the Supporting Information)  
First, the as-grown nanowires were characterized by spatially resolved micro-
photoluminescence (PL) spectroscopy. Nanowires were removed from the substrate by 
ultrasonication in an IPA bath and dispersed onto a thermally oxidized SiO2/Si substrate. The PL 
experiments were carried out at room-temperature using a frequency-doubled cw Ar2+ ion laser (λ= 
244 nm). The emission spectra were collected through an objective (20X, NA=0.4) and detected 
with a HR460 spectrometer and a CCD camera. Fig. 1b shows the µPL spectra of an individual 
wire from sample A for an excitation position located at the base, in the middle and at the top, 
respectively. The schematic of the nanowire structure shown in Fig. 1c illustrates the three 
corresponding excitation positions. Three different peaks having different intensities are observed 
at these regions. The peak at 3.41 eV is detected at the base of the nanowire, corresponding to the 
near band edge emission of the n-doped GaN segment. In the middle and top wire parts, two peaks 
are observed below the GaN bandgap. The low energy peak (E=2.83 eV, FWHM = 0.15 eV) arises 
from the nanowire extremity, when the laser spot is almost outside the wire hitting only its very 
top, whereas the high energy peak (E=3.05 eV, FWHM= 0.24 eV) is spread over the whole 
core/shell region. According to the TEM studies (see Supporting Information), we can attribute the 
2.83 eV and 3.05 eV peaks to the emission of the axial and radial QWs, respectively.41 Regarding 
the low energy peak, it can arise from both semi-polar and polar QWs at the top of the nanowire 
(both referred here as ‘axial’), however the higher defect density of the -c plane QWs suggests that 
the major contribution is given by the semi-polar QWs as discussed in the Supporting Information.  
 Figure 1. (a) SEM image of nanowires from sample A together with a zoomed-in image of an 
individual wire highlighting in artificial colors the bare n+-GaN (base) and the core/shell region. 
All SEM images are obtained with a tilt angle of 45˚. (b) Micro-photoluminescence characteristics 
of a single nanowire for different excitation positions. (c) Schematic of the nanowire structure 
showing the excitation positions corresponding to the µPL spectra of panel (b). 
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The nanowire samples A to C have been used to fabricate flexible LEDs. One major 
challenge to fabricate high performance flexible LEDs is the need for a highly conductive, 
transparent, mechanically flexible contact. ITO, the traditional contact for LEDs, offers both a low 
sheet resistance and a high optical transmittance, but suffers from brittleness and high cost. Thus, 
several alternative materials have been investigated to tackle these shortcomings, including 
conductive polymers,36, 42 carbon nanotubes,43-45 graphene,46-50 and metal wires.51-56 The 
widespread usage of conductive polymers is hindered by their instability in air ambient and some 
process incompatibilities.57 For carbon nanotubes, the co-existence of metallic and semiconducting 
tubes increases the network sheet resistances.58 Two-dimensional graphene, one-dimensional metal 
nanowires and combination of both have been explored as emerging candidates for transparent 
electrodes satisfying the requirement for a low resistance, a high flexibility and an optical 
transparency.53 In addition, the controllable synthesis and low-cost of these materials further 
promises their broad use in LEDs and solar cells. In this work, we have chosen the silver nanowire 
network as a solution for the transparent electrode. To achieve a high quality ohmic contact, silver 
nanowires are combined with an ultra-thin Ni/Au shell deposited directly onto the LED nanowires.  
The fabrication steps to produce flexible devices are the following : first, a thin metal shell 
(Ni/Au 2 nm/2 nm) is sputtered on the top of the p-GaN region (~3 m) with a photoresist 
protecting the n-GaN base, followed by a lift-off and a 10 min annealing in air at 400 °C. Then, the 
GaN nanowire array (~33 m in height) is embedded into polydimethylsiloxane (PDMS)59 with 
protruding top portions of ~1 m. The whole layer is peeled off with nanowires maintaining their 
positions with respect to each other as illustrated in Fig. 2a and e. Fig. 2 schematizes the fabrication 
process of two types of devices: semitransparent LEDs (Fig. 2a-d) and fully transparent LEDs (Fig. 
2e-h).  
For the semitransparent device fabrication, the PDMS membrane with embedded nanowires 
is flipped onto an arbitrary holder for the metallization of n-GaN side with Ti/Au (Fig. 2b). Next, 
a flexible substrate (e.g. PET or metal foil) is brought in contact with the metal layer and the whole 
layer is mounted using silver epoxy. After plasma cleaning of the PDMS residues on the p-GaN 
side,60 a metal grid is deposited to facilitate the long-range current spreading and then Ag 
nanowires61 are spun coated to form the top transparent electrode (Fig. 2c). The device is annealed 
at 200 °C for 20 min to partly melt silver nanowires together and improve the in-plane conductivity. 
No encapsulation has been deposited to protect the final device from ambient oxidants and 
pollutants. Using this process, vertical nanowire array LEDs were successively fabricated on a 
copper tape (a photo of the final device is shown in Fig. 2d).  
For the fully transparent devices, Ag nanowires are used for both back and top contacts. As 
illustrated in Fig. 2f, the dispersion of Ag nanowires is followed by the spin-coating and curing of 
another PDMS capping layer for backside electrical insulation. The whole layer is then flipped 
back and the process of Ag nanowire coating (Fig. 2c) is repeated. Fig. 2h shows an example of 
the transparent LED processed following the e)-g) steps. The boundaries of the active region are 
marked with a red dashed polygon, while the exterior parts correspond to the plastic scotch tape 
used for mechanical support. As seen in Fig 2h, the device exhibits a good transparency except for 
the metallic tape cross deposited before PDMS back capping to access the bottom contact. 
 Figure 2. Schematic of the fabrication process flow of flexible LEDs based on vertical nitride nanowire 
arrays. Panels (a)-(c) illustrate the fabrication steps for semitransparent LEDs with Ti/Au and Ag nanowires 
as the back and top contacts, respectively. (d) Photo of a semitransparent LED. Panels (e)-(g) show the 
process of fully transparent LEDs with Ag nanowires as both back and top contacts. (h) Photo of a 
transparent LED.  
 
Fig. 3a shows an SEM image of the surface of a PDMS/nitride nanowire membrane spin-
coated with Ag nanowires. A uniform density of Ag nanowires is obtained despite the presence of 
protruding 1 µm nitride nanowire tips. The zoom-in image in Fig. 3b shows that the nitride 
nanowire tips are well connected with the Ag nanowire network. This coverage provides a good 
optical transmittance as well as a good ohmic connection to nitride nanowires thanks to the 
presence of a thin Ni/Au shell on the p-GaN shell. After numerous bending cycles, the Ag 
nanowires maintain a good contact with the active InGaN/GaN nanowires (SEM observations after 
10 bending cycles have not revealed any morphology change). In addition, a thermal annealing at 
200 °C for 20 min enables an enhancement of the electrical conductivity62, 63 by melting and fusion 
of the Ag nanowires, forming a connected Ag network as shown in Fig. 3c. This has been confirmed 
by sheet resistance measurements using a Van der Pauw method, conducted on a reference 
PDMS/PET sample spun-coated with Ag nanowires having the same density as in the flexible LED 
of Fig. 3a. They reveal a decrease from 39 Ω/sq in as-deposited sample to 17 Ω/sq in annealed 
Peel off PDMS
Deposit Ti/Au
Flip
Disperse Ag NWs
Flip
Peel off PDMS
Flip
Disperse Ag NWs, cure cap PDMS Disperse Ag NWs
Flip
(a) (b) (c)
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sample. 
Transparency of the Ag nanowire contacts was characterized on the same reference samples. 
The transmission is measured using a tunable spectral illuminator and a powermeter with a flat 
spectral response. The transmission spectrum is normalized by the transmission of a bare 
PDMS/PET substrate. Fig. 3d illustrates the optical transmittance of the Ag nanowire films. Values 
above 80% are achieved after thermal annealing, which increases the transmittance over the whole 
spectral range (e.g. from 79% for the as-coated to 85% for the annealed film at =530 nm). The 
transparency of the fully transparent LED has also been characterized as reported in Fig. 3d. The 
LED exhibits a slightly lower transmittance in the short wavelength range than expected from a 
double Ag nanowire layer due to the absorption in the InGaN/GaN nanowires. However, the 
transmittance in the green spectral range is higher than 60%.  
  
Figure 3. (a) SEM image of annealed Ag nanowire network spun-cast on PDMS/nitride nanowire 
LEDs to form the top contact to Ni/Au coated p-GaN nanowire shells. (b) Higher magnification 
SEM image (shown with red dashed rectangle in panel (a)) of a protruding InGaN/GaN nanowire 
presenting a good coverage by Ag nanowires. (c) SEM image of the region highlighted with a green 
dashed rectangle in panel (a) showing the Ag nanowire partial melting after annealing. (d) Optical 
transmittance of a single-layer Ag nanowire film before and after annealing and of a fully 
transparent LED device. 
 
Electrical characteristics of the flexible nanowire LEDs were investigated by measuring the 
current-voltage (I-V) curves from -5 V to 5 V, as shown in Fig. 4. I-V characteristic shows a 
rectifying, diode-like behavior with a turn-on voltage around 3 V, above which the current 
increases rapidly with the bias voltage. The electroluminescence (EL) appears at about 3 V bias. 
To explore the origin of the light emission, voltage-dependent electroluminescence (EL) spectra 
have been measured at room-temperature using a HR460 spectrometer and a CCD camera. The 
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spectra for biases from 4 V to 8 V are shown in the inset of Fig. 4. At the lowest voltage, the 
dominant EL emission is peaked at 447 nm in good agreement with the µPL (Fig. 1c) emission of 
axial QWs. As the voltage increases, a new peak at 415 nm corresponding to the radial QWs 
appears and its intensity increases. As has been shown in the literature, at low injection the current 
preferentially goes through the nanowire tips into axial QWs in correspondence to the In-rich 
region.30, 41, 64 Because of the non-negligible resistance of the p-doped GaN shell, at high injection 
the hole transport in the shell toward axial QWs leads to a potential drop and becomes 
unfavorable.30 The injection takes place under the contact thus favoring the emission from the 
radial QWs.41 As a result, the EL peak at shorter wavelength becomes more pronounced and a 
broad emission covering the 400-500 nm range is achieved.  
 
Figure 4. I-V characteristic of the flexible LED normalized to the number of contacted nanowires 
(left scale) or to the device surface (right scale). Inset presents the room-temperature EL spectra at 
various applied biases from 4V to 8V. 
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 The mechanical properties of the flexible LEDs mounted on a copper tape on PET have 
been evaluated at a fixed voltage of 5 V as shown in Fig. 5. Fig. 5a shows a photograph under 
operation of an unbent device having an active area size of 15×6.5 mm2. The LED exhibits a bright 
blue emission. Under both outward and inward bending, the device shows no degradation of either 
current or EL intensity evidencing the electrical reliability of the meshed Ag nanowire networks 
under deformation. Corresponding photographs with the bending radii of 3.5 mm and 2.5 mm are 
shown in Fig. 5b and c, respectively. Similarly, no appreciable change in either I-V or EL 
characteristics has been observed when comparing the performances before and after numerous 
(>10) bending cycles. In addition, the device storage in ambient conditions for more than 30 days 
has shown no impact on the LED performance. This demonstrates the flexibility, reliability and 
stability of the flexible nanowire LEDs. We stress that in contrast to OLEDs, the nanowire LEDs 
do not require any encapsulation. 
 
Figure 5. Mechanical properties of the flexible LED based on vertical nanowire arrays. Photograph 
of the LED emitting blue light at curvature radii of (a) ∞, (b) 3.5 mm, and (c) -2.5mm. 
 
To progress toward flexible display applications, pixels of different colors should be 
realized. Multi-color device can be achieved by combining flexible LEDs containing different 
active nanowires. To demonstrate this functionality we have stacked two layers: a semitransparent 
(a) (b) (c)
green LED fabricated from sample C with a transparent blue LED fabricated from sample B as 
illustrated in Fig. 6a. The two flexible LEDs are stacked together with an intermediate PDMS layer. 
Fig. 6b shows the EL spectra of the two-layer device for different biasing conditions. Two voltage 
sources V1 and V2 are independently connected to the top and bottom LED layers. In the case V1=6 
V and V2=0 V (i.e. only the top layer is biased), the emission is detected only in the blue spectral 
region in correspondence to the EL of the top transparent LED (blue curve in Fig. 6b). For V1=0 V 
and V2=7 V (i.e. only the bottom layer is biased), only green EL is observed from the bottom 
semitransparent LED (green curve in Fig. 6b). Once the both layers are biased simultaneously with 
V1=6 V and V2=7 V, the emission covers both blue and green spectral region as presented by the 
red curve in Fig. 6b. The optical transmittance of the top transparent LED is ~60% at the peak 
emission wavelength of the bottom LED (see red dots in Fig. 3d.), so that the blue luminescence 
of the bottom layer can be efficiently extracted through the top layer. These results demonstrate 
the feasibility of multi-layer flexible LEDs by a mechanical stacking technique. We note that the 
present approach has potentially no limitations for the number of LED layers except for the residual 
absorption. Moreover, it allows for an integration of nanowire layers of different semiconductor 
materials (e.g. nitrides with phosphides or arsenides) as well as for a hybrid integration of blue 
nitride LEDs with organic devices to achieve RGB emission. 
 Figure 6. (a) Schematic of a 2-color nanowire flexible LED. (b) EL spectra of a two-layer flexible 
LED with a top transparent layer and a bottom semitransparent layer. Three curves show the 
emission from the top LED (blue curve), from the bottom LED (green curve) and a simultaneous 
emission from both LEDs (red curve), respectively. 
 
In conclusion, flexible LEDs based on vertical nitride nanowire arrays and transparent Ag 
nanowire electrodes have been demonstrated. Embedding the inorganic semiconductor nanowires 
into a polymer matrix ensures the mechanical flexibility, while Ag nanowires provide a reliable 
electrical contact with high conductivity and optical transmittance. No degradation in current and 
EL emission was observed in such devices either after bending cycles or after more than 30 days 
storage in ambient conditions. Using this platform, we demonstrated for the first time the 
integration of two layers of flexible LEDs with different emission wavelength in the blue and green 
spectral domains to achieve a color-tunable LED. This technology opens new routes for efficient 
flexible LED displays and other optoelectronic devices.  
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